A photoelectrochemical oxidation method was used to directly oxidize an AlGaN layer as the oxide layer of metal-oxidesemiconductor ͑MOS͒ devices. The crystal phases of the oxide films were analyzed by X-ray diffraction ͑XRD͒ measurement. The oxide films have a better stability and crystallization after annealing in O 2 ambient at 700°C for 2 h. The binding configurations of the oxide films were analyzed by X-ray photoelectron spectroscopy ͑XPS͒. According to the results of XPS, XRD, and secondary ion mass spectrometry ͑SIMS͒ measurements, the main components of the oxide films consist of Ga 2 O 3 and Al 2 O 3 . The average interface state density ͑D it ͒ between the oxidized AlGaN layer and AlGaN semiconductor is 5.1 ϫ 10 11 cm −2 eV −1 . The leakage current of resultant MOS devices with a 45 nm thick oxide layer is 45 nA and 69 pA at 5 and −15 V, respectively. The breakdown field is 2.2 MV/cm and 6.6 MV/cm at breakdown voltage of 10 and −30 V, respectively. Recently, III-V nitride semiconductor materials have started to arouse interest due to inherent advantages including temperature stability, chemical stability, and high electron drift velocity. Owing to those advantages, III-V nitride semiconductor materials have been widely used in applications of optoelectronic devices, 1,2 electronic devices, 3-5 and gas sensors. 6-8 For applications in metal-oxidesemiconductor ͑MOS͒ or metal-insulator-semiconductor ͑MIS͒ devices, the performances of the insulator layer grown on III-V nitride semiconductor materials would play a key role. According to previous reports, 9-14 various insulator materials, such as AlN, Si 3 N 4 , SiO 2 , Ta 2 O 5 , and insulator multilayer stacks, etc., have been deposited on III-V nitride semiconductor materials using various methods. However, the performances of the interface between the deposited insulator layer and III-V nitride semiconductors would be influenced by the deposition conditions and contaminations. To improve the performances of the interface and resultant devices, a direct growth of the insulator layer on the III-V nitride semiconductors would be expected as a promising method. Photoelectrochemical ͑PEC͒ oxidation has been used to etch and oxidize GaN semiconductors directly.
Recently, III-V nitride semiconductor materials have started to arouse interest due to inherent advantages including temperature stability, chemical stability, and high electron drift velocity. Owing to those advantages, III-V nitride semiconductor materials have been widely used in applications of optoelectronic devices, 1,2 electronic devices, [3] [4] [5] and gas sensors. [6] [7] [8] For applications in metal-oxidesemiconductor ͑MOS͒ or metal-insulator-semiconductor ͑MIS͒ devices, the performances of the insulator layer grown on III-V nitride semiconductor materials would play a key role. According to previous reports, [9] [10] [11] [12] [13] [14] various insulator materials, such as AlN, Si 3 N 4 , SiO 2 , Ta 2 O 5 , and insulator multilayer stacks, etc., have been deposited on III-V nitride semiconductor materials using various methods. However, the performances of the interface between the deposited insulator layer and III-V nitride semiconductors would be influenced by the deposition conditions and contaminations. To improve the performances of the interface and resultant devices, a direct growth of the insulator layer on the III-V nitride semiconductors would be expected as a promising method. Photoelectrochemical ͑PEC͒ oxidation has been used to etch and oxidize GaN semiconductors directly. [15] [16] [17] The resultant GaN-based MOS devices have been reported previously. 18, 19 In the structure of optoelectronic devices and electronic devices, wide-bandgap semiconductors were grown on the top layer for use as heterojunction confinement or Schottky barrier height enhancement. 20, 21 In this work, a wide-bandgap semiconductor of AlGaN was directly oxidized using a PEC oxidation method. The oxidized AlGaN films were investigated by X-ray diffraction ͑XRD͒ measurement and X-ray photoelectron spectroscopy ͑XPS͒ measurement. The secondary ion mass spectrometry ͑SIMS͒ was used to analyze the components of the oxidized AlGaN films. The performances of the interface between the oxidized layer and the AlGaN semiconductor were analyzed using a laser photoassisted capacitance-voltage method. The resultant MOS devices were also fabricated and studied.
Experimental and Discussion
The epitaxial layers used in this work were grown on c-plane sapphire substrates using a metallorganic chemical vapor deposition ͑MOCVD͒ system. Trimethylaluminum, trimethylgallium, and ammonia were used as the Al, Ga, and N sources, respectively. Silane was used as the dopant source of the n-type AlGaN layer. A 100 nm thick undoped GaN nucleation layer and 0.5 m thick undoped GaN buffer layer were sequentially grown on the sapphire substrates at 520 and 1050°C, respectively. A Si-doped n-type Al 0.1 Ga 0.9 N layer ͑1.2 ϫ 10 18 cm −3 , 800 nm͒, referred to as AlGaN layer hereafter, was then grown at 1050°C.
The schematic configuration of the PEC oxidation system is shown in Fig. 1 The work function W S of the n-type AlGaN is expressed as
where 3.985 eV is the electron affinity of the n-type AlGaN, and E C -E F = 0.021 eV is the energy difference between the conduction band E C and Fermi level E F of the n-type AlGaN with an electron concentration of 1.2 ϫ 10 18 cm −3 . By illuminating a He-Cd laser, electron-hole pairs were generated on the surface of the n-type AlGaN layer. The energy band structure for the electrolytic solution and the n-type AlGaN is shown in Fig. 2 . An induced built-in electric field resulted in the surface of the n-type AlGaN layer. The generated electrons and holes were transported to the n-type AlGaN layer and the interface between the H 3 PO 4 electrolytic solution and z E-mail: ctlee@eembox.ee.ncku.edu.tw the n-type AlGaN by the induced built-in electric field, respectively. Because the generated holes were accumulated at the interface, the surface of the n-type AlGaN layer was gradually oxidized via the following reaction
where h + is holes. Not only was the oxidized film formed, but it was etched by the H 3 PO 4 electrolytic solution. The PEC method is a diffuse procedure similar to thermal oxidation of Si in O 2 ambient. Even oxide films were grown; electrolytic solution continuously diffused through the grown oxide film to the interface and gradually formed oxide films. Using the epitaxial structure mentioned above, the thickness of the grown oxide film as a function of oxidation time is shown in Fig. 3 . The growth rate of 10 nm/min can be calculated in the experiments. The nonlinear growth rate and saturation point would be found in the PEC process. However, because a thin oxide film was required in the MOS devices, a thin oxide film was grown in this work. According to the experimental results, an almost linear growth rate was estimated until the thickness of the oxide film was less than 450 nm.
Using a Cu K␣ radiation and -2 scanning technique, the crystallinity of the oxidized film was examined by an XRD measurement. The thickness of the as-grown oxide film was about 400 nm. Figure 4 shows the XRD pattern of the grown oxidized film without thermal annealing. The peak of -Al 2 O 3 ͑32.63°͒ and Ga 2 O 3 ͑43.08°a nd 47.61°͒ can be found, except for the peaks of Al 2 O 3 , GaN, and AlGaN which originated from the sapphire substrate, undoped GaN nucleation layer and buffer layer, and AlGaN layer, respectively. Because a 200 nm thick Ti metal was deposited on a part of the surface of the sample to assist the oxidation process, a peak of Ti ͑36.37°͒ was also found in Fig. 4 . Because the oxidized film without thermal annealing can be easily dissolved in developer, acid solution, and alkaloid solution, it is difficult to use in the fabrication process of related devices. When the oxidized film was annealed in O 2 ambient at 700°C for 2 h, the thickness was reduced from 400 to about 280 nm. To clearly illustrate the oxidized film with the annealing process, the difference in the resulting XRD pattern between the original sample and the annealed oxidized sample is shown in The chemical bonding and structure of the oxidized AlGaN films were investigated using an XPS measurement. The XPS measurement was performed in a Fison ͑VG͒ ESCA 210 system with a monochromatic Al K␣ radiation source. Photoelectrons were emitted by illuminating X-ray on the oxidized AlGaN. Using electron energy analyzer to detect the energy of the photoelectron, the associated binding energy can be obtained. To enhance surface sensitivity, the data were taken at a take-off angle of 45°from the surface. The XPS core-level spectra were decomposed into their related various components using an interactive least-squares computer program, the curves being taken as a 20% Lorentzian and 80% Gaussian mixed function. 
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Journal of The Electrochemical Society, 154 ͑10͒ H862-H866 ͑2007͒ H863 Figure 6 shows the XPS spectra and associated curve-fitting spectra for the core level O 1 s of the oxidized AlGaN without and with annealing treatment, respectively. As shown in Fig. 6 , the binding energies of 530.8, 531.4, and 532.7 eV are related with O-Ga, O-Al, and O-P bonds, respectively. 23, [23] [24] [25] It can be found that the main composition of the oxidized AlGaN film consists of Ga 2 O 3 and Al 2 O 3 . However, O-P existed in the oxidized AlGaN film. The content of P originated from the H 3 PO 4 chemical solution. Because the composition related with O-P binding structure was not found in the XRD pattern as shown in Fig. 4 , it can be deduced that the content of P is very small. For the XPS spectra of core level O 1 s for the oxidized AlGaN film annealed in O 2 ambient at 700°C for 2 h as shown in Fig. 6 , the signal intensity of O-P bonds, O-Ga bonds, and O-Al bonds is enhanced. It can be deduced that more oxygen would bind with P, Ga, and Al atoms and form more PO x , Ga 2 O 3 , and Al 2 O 3 bonds during the annealing process in O 2 ambient. Comparing with the XRD pattern shown in Fig. 5 , a better crystalline oxidized AlGaN film can be obtained using the annealing process in O 2 ambient. The components of the oxidized AlGaN layer were measured using SIMS. Figure 7 shows the associated SIMS depth profiles. The source used in SIMS measurement is Cs + . The depth profiles shown in Fig. 7 indicate that the AlGaN was oxidized. The uniformity of the AlGaN oxidation is about 8%. Comparing the SIMS depth profiles and the measured results of XRD patterns and XPS spectra, it can be concluded that the AlGaN layer was oxidized using the PEC oxidation process. Figure 8 shows the schematic configuration of MOS devices using the epitaxial structure mentioned above. Using a standard photolithographic technique, a concentric photoresist ring with an inner diameter of 300 m and outer diameter of 800 m was defined and patterned. Ohmic metals of Ti/Al/Pt/Au ͑25/100/50/200 nm͒ were deposited using an electron-beam evaporator. After the lift-off process, ohmic contact was carried out at 850°C for 2 min in N 2 ambient. Using the PEC oxidation process mentioned above, a 65 nm thick oxidized AlGaN layer was first grown and then annealed at 700°C for 2 h in O 2 ambient. After the annealing process, the thickness of the oxidized AlGaN layer was reduced to about 45 nm. According to a previous report, 26 the ohmic performance of Ti/Al/Pt/Au can be maintained in the annealing process of oxidized AlGaN layer. Using a standard photolithographic technique and liftoff process, a 200 nm thick Al circular pattern with a diameter of 200 m was aligned and deposited on the center of the oxidized AlGaN layer.
Because the generation rate of holes in the n-type AlGaN semiconductor at room temperature is very slow, the change in the charge of the interface states, by the capture of holes and the emission of electrons, is negligible. To estimate interface state density, a laser photoassisted capacitance-voltage ͑C-V͒ method was used. 27 The C-V measurement was performed at 1 MHz using an HP 4280A. The C-V measurement was performed in the dark by sweeping bias voltage from 7 to −18 V. At the reverse bias of −18 V, the MOS device was illuminated by an Xe lamp with a selected wavelength of 325 nm and power density of 63 mW/cm 2 for 1 min. Hole-electron pairs were generated in the AlGaN layer by the optical excitation of a Xe lamp. The Xe lamp illumination was then turned off, and the C-V measurement was carried out again by sweeping applied voltage from −18 to 7 V in the dark. Figure 9 shows the laser photoassisted C-V characteristics. When the MOS device applied a positive forward voltage, the measured capacitance resulted from the oxide layer. When a reverse bias was applied, a depletion layer was caused in the interface region between the oxidized AlGaN layer and n-type AlGaN layer. Therefore, the total capacitance consists of the oxide and semiconductor capacitors in series. At a reverse voltage of −18 V, electron-hole pairs were generated by the optical excitation of the Xe lamp. The surface states were filled by the capture of holes generated in this depletion layer. The Xe lamp was then turned off and the bias voltage was swept back toward the forward bias in the dark. Because the generated holes in the depletion region were gradually recombined with electrons, the 
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Journal of The Electrochemical Society, 154 ͑10͒ H862-H866 ͑2007͒ H864 associated capacitance gradually increased before the applied voltage reached forward bias. The change of total charges would make a voltage shift of ⌬V in the C-V curve, as shown in Fig. 9 . According to the measured C-V characteristics shown in Fig. 9 , the average interface state density D it can be estimated from the following relationship
For the MOS devices, where C ox = 68 pF is the oxide capacitance, ⌬V = 1.37 V is the voltage shift, A = 3.14 ϫ 10 4 cm −2 is the gate area, E g = 3.63 eV is the energy gap of AlGaN, and q is the electron charge. Therefore, the average interface state density D it = 5.1 ϫ 10 11 cm −2 eV −1 can be calculated using Eq. 4. In the photoassisted C-V measurement, various illuminative times of the Xe lamp were performed. When the illuminative time was longer than 40 s, the same voltage shift value was obtained.
To investigate the electrical performances, the MOS devices were measured using an HP 4145B semiconductor parameter analyzer. The measured current-voltage ͑I-V͒ characteristics are shown in Fig. 10 . By defining the breakdown voltage at the voltage in which the leakage current increases rapidly, the breakdown voltage corresponding to forward bias and reverse bias is 10 and −30 V, respectively. The associated breakdown field of 2.2 and 6.6 MV/cm for the forward bias and reverse bias were obtained. To clearly illustrate the leakage current, the enlarged associated I-V characteristics are shown in Fig. 11 . The leakage current is 45 nA and 69 pA, corresponding to bias voltages of 5 and −15 V, respectively. The reverse breakdown voltage is larger than the forward breakdown voltage, and the reverse leakage current is smaller than the forward leakage current. By applying reverse bias, the n-type AlGaN cannot supply enough holes to accumulate on the interface between the oxidized AlGaN layer and AlGaN layer. However, when a forward bias was applied, a lot of electrons supplied by n-type AlGaN were accumulated on the interface. This electron accumulation phenomenon is the reason for the lower forward breakdown voltage and the larger forward leakage current.
Conclusion
Oxide layer with high quality and low interface state density can be directly grown on AlGaN by using a PEC oxidation method and low leakage current of 69 pA biased at −15 V for the fabricated AlGaN MOS devices can be obtained. According to these measurements, the PEC oxidation method can be expected to obtain an oxide film with low surface state density in the oxide-semiconductor interface. Therefore, we can expect that MOS devices and MOSHEMTs with high performances can be successfully fabricated using the PEC oxidation method in III-V nitride semiconductors. 
